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1 |  INTRODUCTION
The	Cambrian	was	a	time	of	significant	evolution	of	life	
in	 the	 oceans	 with	 not	 only	 two	 major	 evolutionary	 ex-
plosions	 (Phase	1	and	2)	but	also	extinctions	during	 the	
Sinsk	event	and,	much	more	significant,	at	the	Steptoean	
Positive	 Carbon	 Isotope	 Excursion	 (SPICE)	 in	 the	 Late	
Cambrian	 (Furongian)	 (Zhuravlev	 &	 Wood,	 2018).	 The	
SPICE	 (Saltzman	 et	 al.,	 1998)	 is	 a	 global	 carbon	 isotope	
excursion	 with	 δ13C	 values	 typically	 ca	 4–	5‰	 although	
values	can	be	lower	(Pulsipher	et	al.,	2021).
In	a	study	of	Furongian	marine	cements	 from	the	Al	









1996;	 Lowenstein	 et	 al.,	 2001)	 with	 Mg/Ca	 ratios	 >2	 fa-
vouring	 the	 precipitation	 of	 aragonite	 and	 ratios	 <2	 fa-
vouring	 calcite.	 Temperature	 and	 pCO2  have	 also	 been	
shown	to	have	an	effect,	especially	within	a	Mg/Ca	range	
of	1–	2	(Balthasar	&	Cusack,	2015).	The	estimates	of	Mg/
Ca	 ratios	 during	 the	 Late	 Cambrian	 range	 from	 0.8	 to	 2	
(Arvidson	 et	 al.,	 2006;	 Horita	 et	 al.,	 2002;	 Stanley	 et	 al.,	
2010).
The	 Middle–	Late	 Cambrian	 Port	 au	 Port	 Group	 in	
Newfoundland	(Laurentia),	also	records	the	time	leading	
up	to	and	around	the	SPICE	and	contains	significant	in-
formation	 about	 sea	 water	 conditions	 and	 chemistry.	 It	
presents	an	 ideal	opportunity	 to	 test	 the	hypothesis	 that	
inorganic	aragonite	and/or	HMC	could	have	precipitated	












ing	 the	 stratigraphy,	 sedimentology	 and	 diagenesis	 of	 the	
PAP	(Figure	1).	It	was	also	the	first	to	conduct	stable	isotope	
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paper	focussed	on	carbon	and	sulphur	isotopes.	The	pres-
ence	of	 the	SPICE	was	 later	confirmed	at	both	 localities	
by	Barili	et	al.	(2018).	Limited	lithofacies	information	and	
no	 petrographic	 data	 were	 presented	 by	 Saltzman	 et	 al.	
(2004)	 or	 Hurtgen	 et	 al.	 (2009)	 but	 was	 added	 by	 Barili	
et	al.	(2018).
This	 paper	 presents	 a	 detailed	 petrographic	 and	 geo-
chemical	study	through	the	most	complete	section	of	 the	
PJF	 (MPS)	 together	 with	 the	 Felix	 Cove	 section	 (FCS;	
Figure	 2).	 The	 petrographic	 and	 isotopic	 study	 by	 Barili	
et	al.	 (2018)	allowed	 the	correlation	of	 the	SPICE	and	 its	
associated	 sedimentological	 interval	 through	 the	 Port	 au	
Port	Peninsula.	The	present	study	adds	X-	ray	fluorescence	
elemental	 concentration	 data	 and	 extensive	 microprobe	












&	 James,	 1979;	 Williams,	 1979).	 These	 predominantly	
carbonate	 deposits,	 with	 episodic	 siliciclastic	 incursions,	
record	the	gradual	transition	from	siliciclastic	deposition	
in	Cambrian	Series	2	(Hawke	Bay	Fm.,	Labrador	Group)	
to	 predominantly	 carbonate	 sedimentation	 in	 the	 early	
Ordovician	(Chow,	1985;	Chow	&	James,	1987b;	Cowan	&	
James,	1993).	The	Group	is	composed	of	three	formations,	
namely	 the	 March	 Point	 Formation	 (MPF),	 PJF	 (Cape	
Ann,	Campbells,	Big	Cove,	Felix	and	Man	O’	War	mem-
bers)	and	Berry	Head	Formation	(Figure	1).
Chow	 and	 James	 (1987a)	 defined	 three	 Grand	 Cycles	
through	 the	 PAP	 (Figure	 1A–	C),	 which	 they	 interpreted	
as	 transgressive–	regressive	 sedimentary	 packages	 with	 a	









The	 SPICE	 was	 identified	 by	 Saltzman	 et	 al.	 (2004)	 at	
Felix	Cove	and	 in	 the	MPS	by	Hurtgen	et	al.	 (2009).	Barili	
et	 al.	 (2018)	 identified	 the	 precise	 locations	 of	 these	 excur-
sions	 as	 48°31′49.2″N/58°47′12″W	 in	 Felix	 Cove	 and	 at	




3 |  METHODS
3.1 | Sedimentogical logs and 
petrography
Two	 outcrop	 sections	 on	 the	 Port	 au	 Port	 Peninsula	 were	
logged	and	sampled	at	March	Point	and	Felix	Cove	(Figure	
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Representative	 layers	 were	 selected	 for	 thin-	section	
preparation	(MPS:	70;	FCS:	31).	Polished	thin-	sections,	im-
pregnated	 with	 blue	 resin	 for	 porosity	 identification,	 were	
prepared	 at	 the	 Universidade	 Federal	 do	 Paraná	 and	 the	
University	 of	 Aberdeen	 (UoA).	 Petrographic	 analysis	 was	
performed	 at	 the	 UoA	 and	 Universidade	 Federal	 do	 Rio	








3.2 | pXRF analysis
Portable	XRF	(pXRF)	techniques	were	used	to	determine	
the	bulk	composition	of	the	various	units	in	the	PJF	(e.g.	
limestone,	 extent	 of	 dolomitisation	 and	 siliciclastic	 lay-
ers).	 Bulk	 powder	 samples	 were	 analysed	 for	 their	 ele-
mental	 composition	 using	 an	 Olympus	 InnovX	 portable	
XRF	instrument	and	InnovX	software	at	the	UoA.	A	total	
of	 40  samples	 from	 the	 MPS	 and	 20	 from	 FCS	 section	
were	 analysed.	 Each	 sample	 was	 run	 twice	 through	 the	
geochemistry	 mode	 to	 calculate	 an	 average.	 The	 instru-
ment	 was	 calibrated	 at	 the	 beginning	 of	 each	 run	 using	
a	steel	calibration	check	disc,	with	standards	and	a	SiO2	
blank	(Olympus).	The	pXRF	data	were	further	calibrated	








3.3 | Electron microprobe analysis
Electron	 microprobe	 analysis	 was	 conducted	 at	 the	
Edinburgh	 Probe	 Microanalysis	 facility	 (UK).	 Sixteen	
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limit	70 ppm,	standard	deviation	<0.01%),	Mg	(detection	
limit	60 ppm,	standard	deviation	<0.01%),	Ca	(detection	limit	




ured	 with	 a	 2  nA	 current	 and	 all	 other	 elements	 with	 a	
60 nA	current.





used	 to	help	 identify	 the	different	 formations	and	mem-
bers	during	this	study.
4.1.1	 |	 March	point	section
March Point Formation (0– 43 m)
The	lower	part	of	the	MPF	comprises	sandy	limestone	with	
glauconite	 and	 bioclast	 (trilobite,	 brachiopod	 and	 echi-
noderm)	 fragments	associated	with	 ribbon	rock	 (Figures	
3	 and	 5A—	mixed	 shale	 and	 calcisiltite	 sensu	 Cowan	 &	
James,	 1993).	 Above	 this,	 bioturbated	 ribbon	 rock	 with	
whole	 brachiopod	 shells	 and	 syneresis	 cracks	 (Figure	
5C)	 is	 interbedded	 with	 FPC,	 containing	 rip-	up	 clasts	 of	
mudstone	 fragments	 like	 those	 found	 elsewhere	 in	 the	
sequence	(Figure	5D).	At	the	top,	the	formation	includes	




noderm,	 brachiopod	 and	 trilobite,	 Figure	 5B).	 No	 early	
isopachous,	 fibrous	cements	or	relict	oomouldic	porosity	
are	observed.
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Chow	(1985)	placed	the	lower	boundary	of	the	MPF	as	
the	unconformity	with	a	massive	sandstone	of	the	Hawke	
Bay	 Formation	 (part	 of	 the	 Labrador	 Group,	 Cambrian	
Series	 2,	 Figure	 1).	The	 upper	 boundary	 is	 defined	 by	 a	
distinctive	round	pebble	conglomerate	bed	(Figure	3).











stone	 that	 immediately	 overlies	 the	 rounded	 pebble	





Petit Jardin Formation— Campbells Member (58– 140 m)
The	 Campbells	 Member	 is	 a	 thick	 sequence	 compris-
ing	several	 sets	of	oolitic	grainstones	 interbedded	with	
minor	 ribbon	 rock	 and	 bioturbated	 shale	 (Figure	 6C).	
Occasional	glauconite	and	increasing	bioclast	fragments	




















boundary	 being	 the	 highest	 occurrence	 of	 thick-	bedded	
oolitic	grainstones.	Above	 the	oolitic	grainstones,	a	 fine,	
intraclast	and	sandy	grainstone	layer	occurs	immediately	
below	 a	 1.5  m	 thick	 brachiopod-	rich	 shale.	 The	 current	
study	 has	 placed	 the	 boundary	 between	 the	 Campbells	
and	the	Big	Cove	members	at	this	level	(140 m).
Petit Jardin Formation— Big Cove Member (140– 179 m)
The	Big	Cove	Member	is	dominantly	composed	of	ribbon	
rock,	 interbedded	 with	 shale.	 The	 base	 of	 the	 Big	 Cove	
Member	is	marked	by	a	prominent	brachiopod-	rich	shale	
overlain	 by	 ribbon	 rock.	 Periodic	 layers	 of	 FPC	 (Figure	
5D)	 and	 bioclastic	 grainstones	 (echinoderm,	 brachiopod	
and	 trilobite	 fragments,	 Figure	 7A)	 with	 glauconite	 and	





Chow	 (1985)	 placed	 the	 lower	 boundary	 above	 the	
thick	 oolitic	 grainstones	 of	 the	 Campbells	 Member.	 As	
noted	 above,	 a	 prominent	 brachiopod-	rich	 shale	 occurs	
at	this	level	marking	the	base	of	the	Campbells	Member.	
Chow	(1985)	placed	the	upper	boundary	at	the	highest	oc-





Petit Jardin Formation— Felix Member (179– 230 m)








quartz	 grains	 and	 ooids	 (relic	 oomouldic	 porosity	 filled	
with	dolomite,	Figure	8B).	This	is	overlain	by	a	fine,	quartz-	
rich,	glauconitic	dolomite	(Figure	8C)	with	occasional	fine	
sub-	rounded	quartz	grains	 (Figure	8D).	Elsewhere	 in	 the	
Felix	Member,	in	thin-	section	much	of	the	original	texture	
has	been	masked	by	dolomitisation	(Figure	7D)	but	early	





ing	 Big	 Cove	 Member	 and	 thicker	 bedded	 dolostones	 of	
the	Felix	Member.	As	noted	above,	in	this	study	a	FPC	was	
observed	 underlying	 the	 thick-	bedded	 dolostones.	 Chow	
(1985)	 observed	 that	 the	 upper	 boundary	 is	 marked	 by	
thick-	bedded	 grainstones/dolostones	 overlain	 by	 parted	
limestones	(ribbon	rock	sensu	Cowan	&	James,	1993).
Petit Jardin Formation— Man O’War Member (230 m 
upwards)
The	 Man	 O’War	 Member	 comprises	 grainstones,	 pack-
stones	 and	 microbial	 structures	 (thrombolites	 and	 strom-
atolites)	 interbedded	with	ribbon	rock	and	shale	 (Figures	














Petit Jardin Formation— Felix Member (up to 30 m)
The	base	of	the	Felix	Member	is	not	exposed	in	the	FCS.	
The	 section	 comprises	 oolitic	 grainstones	 interbedded	
with	 minor	 ribbon	 rock,	 shale	 and	 FPCs.	 Towards	 the	








(Figures	 4	 and	 9A,C).	 Above	 this,	 partially	 dolomitised	
fining-	up	 grainstone–	shale	 cycles	 continue	 (23.5–	28  m).	
Quartz-	rich	grainstones	occur	up	to	30 m	(Figure	9B),	to-
gether	with	pedestal	thrombolites	at	the	top	of	the	mem-
ber.	 Thin-	section	 analysis	 of	 the	 sandy	 limestones	 show	
   | 9NEILSON et al.






10 |   NEILSON et al.
coarse,	well-	rounded	quartz	grains	 (Figure	9B,C).	 In	oo-
litic	grainstones,	early	isopachous	fibrous	cement	fringes	
and	 relict	 oomouldic	 porosity	 are	 observed	 throughout	
(Figures	 3	 and	 10B).	 Radial	 ooids	 are	 less	 common	 and	
observed	mainly	below	the	SPICE	(Figure	4).
Petit Jardin Formation— Man O’War Member (30 m 
and above)
A	 relatively	 thick	 layer	 of	 ribbon	 rock	 from	 30	 to	 35  m	
marks	the	base	of	the	Man	O’War	Member.	The	top	of	the	
Man	O’War	Member	in	the	measured	FCS	is	not	exposed.	
Thin-	section	 analysis	 shows	 the	 presence	 of	 isopachous	
fibrous	 cement	 fringes	 in	 oolitic–	bioclastic	 grainstones	
together	with	relict	oomouldic	porosity,	partially	filled	by	
dolomite	 (Figure	 10A)	 with	 only	 occasional	 radial	 ooids	
(Figure	4).
4.2 | Chemical composition from X- ray 
fluorescence
In	 the	 MPS	 (Figure	 3),	 dolomitisation	 (weight	 percent	
Ca	ca	20%)	is	extensive	in	the	upper	part	of	the	PJF	(es-
pecially	the	Felix	Member).	In	the	FCS,	however,	dolo-
mitisation	 is	 less	 extensive,	 with	 weight	 %	 Ca	 ranging	
from	20%	to	38%	(Figure	4).	These	data	are	corroborated	
by	 petrography,	 which	 indicates	 the	 most	 intense	 dol-
omitisation	 in	 the	 Felix	 Member	 of	 the	 MPS	 (Figures	
3,	7D	and	8D)	compared	to	the	FCS	(Figures	4,	9B	and	
10B).
Layers	 of	 shale	 are	 clearly	 identified	 by	 increased	
amounts	of	Si,	Al	and	Fe	in	both	the	MPS	and	FCS	(e.g.	
MPS	 133  m	 and	 FCS	 21.5  m,	 Figures	 3	 and	 4).	 In	 these	
shales,	Mn	levels	are	low	(Figures	3	and	4).
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Several	 sandy	 limestones	 occur	 in	 the	 MPF	 and	 PJF	
but	 a	 predominant	 medium	 to	 coarse,	 well-	sorted	 and	
rounded,	quartz	sandstone	occurs	at	22.5 m	in	the	FCS,	










partially	 lined	by	calcite	cement	 (Figure	9A),	hence	 the	
high	amounts	of	Mn.
Glauconite	 is	most	abundant	 in	 the	 lower	half	of	 the	
MPF	(Figures	3	and	5B),	where	it	is	associated	with	bio-
clastic	grainstones	and	sandy	limestones.	It	also	occurs	in	













4.3 | Electron microprobe analysis
The	Sr	and	Mg	data	for	the	pre-	compaction	fibrous	fringe	
cements	 (Figure	 10)	 that	 surround	 grains	 in	 many	 of	 the	
grainstones	 in	 the	 PJF	 (Figures	 10	 and	 11)	 contain	 up	 to	
7000 ppm	Mg	(equivalent	to	3 mol.%	MgCO3)	and	5500 ppm	









an	 average	 of	 720  ppm	 (n  =  33),	 and	 the	 Felix	 Member	




5 |  DISCUSSION
5.1 | Depositional environment of the 
March Point and Petit Jardin Formations
The	units	of	the	PAP,	as	defined	by	Chow	(1985),	Chow	
and	 James	 (1987a)	 and	 Cowan	 and	 James	 (1993),	 fall	
within	 three	 transgressive–	regressive	 sequences	 (‘Grand	
Cycles’),	 generated	 by	 the	 relative	 rate	 of	 sea-	level	 rise	
during	the	Middle–	Late	Cambrian	(Figure	1).	Each	Grand	








(Figure	 5B)	 and	 marine	 bioclasts	 (Figure	 7B).	 Chow	 and	
James	(1987a)	suggested	that	these	cycles	were	deposited	
in	 intertidal	 to	 subtidal	 environments.	 However,	 Cowan	
and	James	(1993)	observed	that	ribbon	rock	in	these	lower	
half	cycles	often	coarsens	upwards	and	grades	 into	clean	




(mechanically	 generated	 synaeresis-	like	 cracks	 generated	
at	 or	 just	 beneath	 the	 sea	 floor,	 Cowan	 &	 James,	 1992).	
Marine	 bioclasts	 are	 observed	 in	 these	 units	 (trilobites,	










horizons,	 together	 with	 phosphate,	 were	 also	 observed	




nite	 forms	 in	relatively	deep	water	at	 the	platform	edge,	
where	sedimentation	rates	are	low	(Odin,	1988).	However,	
in	the	Cambrian	it	was	also	abundant	in	shallow-	marine	
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Flat	 pebble	 conglomerates	 are	 another	 common	 fea-
ture	of	 the	PAP	 lower	half	 cycles.	 Intraclast	pebbles,	 re-
worked	from	PAP	hardgrounds	are	interpreted	as	having	
been	 generated	 during	 high	 energy	 conditions	 (Cowan	
&	 James,	 1993).	 These	 layers	 are	 frequent	 in	 the	 upper	
half	of	the	MPF,	the	Big	Cove	and	Man	O’	War	members	
and	 suggest	 deposition	 in	 a	 subtidal	 environment.	 Thin	
oolitic–	intraclastic	 layers	 occur	 in	 the	 lower	 half	 cycles	
and	 commonly	 contain	 small	 radial	 or	 composite	 ooids	
(Figures	6A,B	and	7F).	The	presence	of	oolite	intraclasts	













tidal	 grey	 and	 intertidal	 brown	 oolites),	 Cowan	 and	
James	(1993)	interpret	all	of	the	oolitic	grainstones	as	
being	 subtidal	 and	 deposited	 in	 the	 outer	 part	 of	 the	
shelf.
The	 oolitic	 shoal	 complexes	 are	 typically	 massive,	
although	 occasionally	 exhibit	 herringbone	 cross-	
stratification	(Figure	3),	as	well	as	low-	angle	and	incip-
ient	 stratifications,	 suggesting	 a	 tidal,	 possibly	 upper	
subtidal	 influence.	 Glauconite	 is	 also	 occasionally	
found	 in	 the	 upper	 half	 cycles	 (e.g.	 in	 the	 Campbells	
Member	and	at	the	Felix	/Man	O’War	Member	bound-
ary),	 in	 both	 the	 MPS	 and	 FCS	 (Figures	 3	 and	 4).	 As	





the	 form	 of	 relict	 oomouldic	 porosity,	 often	 infilled	 by	












5.2 | The Steptoean positive carbon 
isotope excursion
The	positive	δ13C	SPICE	excursion	in	the	PAP,	is	part	of	
a	 global	 phenomenon	 (Pulsipher	 et	 al.,	 2021;	 Saltzman	
et	al.,	2000).	In	Newfoundland,	it	was	first	identified	in	the	
FCS	by	Saltzman	et	al.	(2004)	and	in	the	MPS	by	Hurtgen	







A	 review	 of	 published	 global	 SPICE	 data	 (Pulsipher	
et	al.,	2021)	confirms	that	water	depth	and	facies	have	a	
significant	effect	on	 the	extent	of	 the	carbon	 isotope	ex-
cursion.	In	the	Amadeus	Basin	(Schmid	et	al.,	2018),	open	
marine	sequences	were	 found	 to	 show	the	 full	+5‰	ex-
cursion,	 whereas	 nearshore	 shelf	 environment	 deposits	
displayed	 a	 reduced	 (+2	 to	 +3.5‰)	 excursion,	 similar	
to	 the	values	observed	 in	 the	PAP.	According	 to	Schmid	
et	 al.	 (2018),	 the	 lower	 δ13C	 signature	 in	 nearshore	 sed-
iments	 compared	 to	 the	 deep	 shelf,	 suggests	 a	 possible	




was	 probably	 driven	 by	 different	 early	 diagenetic	 condi-
tions	based	on	the	extent	of	interaction	between	sea	water	
and	 sediment	 in	 shallow	 (fluid-	buffered	 diagenesis)	 and	
deep	 (sediment	 buffered	 diagenesis)	 water	 carbonates.	
The	 thickness	 of	 the	 SPICE	 also	 varied	 in	 the	 Amadeus	
Basin,	ranging	 from	14	 to	119 m	with	 thicker	sequences	
in	the	deeper	areas	of	the	basin	(Schmidt	et	al.,	2018).	The	
excursion	 observed	 in	 the	 PAP	 has	 a	 thickness	 of	 up	 to	
30 m,	comparable	to	that	of	a	shallow	subtidal	position	in	
the	Amadeus	Basin.
Pulsipher	 et	 al.	 (2021)	 identified	 three	 SPICE	 phases:	
rising	limb,	plateau	and	falling	limb.	In	the	MPS,	the	rising	
limb	is	characterised	by	a	digitate	stromatolite	(222.25 m,	








9A,C).	 In	 a	 study	 of	 microbial	 structures	 in	 the	 lower	
Ordovician	St	Georges	Group	in	Western	Newfoundland,	
Pratt	 and	 James	 (1982)	 suggested	 that	 digitate	 stromat-
olites	 (laminated	 structures)	 were	 deposited	 in	 the	 lower	
16 |   NEILSON et al.











Chow	 and	 James	 (1987a)	 and	 James	 et	 al.	 (1989)	 cor-
related	the	sandstone	at	Felix	Cove	with	the	Sauk	II–	III	re-





environment	 (Tucker	 &	Wright,	 1990).	The	 different	 char-
acter	of	the	microbial	structures	at	the	two	localities,	oblate	














plateau	occur	 in	 the	Felix	Member	 (FCS)	and	 the	 falling	
limb	occurs	in	the	Man	O’War	Member,	while	Hurtgen	et	al.	
(2009)	suggests	that	the	Man	O’War	Member	contains	part	












due	 to	 the	 depleted	 isotopic	 content	 of	 freshwater	 and	




perature	 and	 consequential	 oxygen	 isotope	 fractionation	












the	 plateau	 and	 falling	 limbs	 are	 absent.	 Dolomitisation	
can	have	an	effect	but	while	the	δ18O	signature	is	controlled	
by	 pore	 fluid	 temperature,	 δ13C	 is	 strongly	 influenced	 by	
the	composition	of	the	carbonate	precursor	as	burial	pore	
fluids	are	low	in	carbon	and	there	is	little	carbon	isotopic	
fractionation	 with	 temperature	 (Hoefs,	 2018;	 Tucker	 &	












MPS 222.60 35 80 18 34 33
MPS 222.5 89 224 36 78 31
MPS 222.3 88 338 37 75 31
MPS 222.25 45 89 22 44 28
MPS 218.75 68 100 51 60 4
FCS 24 456 858 138 409 31
FCS 23.4 466 815 227 439 31
FCS 23 473 734 116 504 31
FCS 22.5 523 933 265 496 40
FCS 22.25 72 195 29 60 77
MPS	stromatolite	at	222.25 m,	FCS	thrombolite	at	22.25 m	(both	highlighted	in	green).
T A B L E  1  Quartz	grain	size	for	MPS	
and	FCS	(modified	after	Barili	et	al.,	2018)
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5.3 | Evidence for precipitation of 
inorganic aragonite on the lead up to and 
around the SPICE
Understanding	the	chemistry	and	conditions	of	sea	water	
at	 the	 time	 is	critical,	especially	considering	a	major	ex-
tinction	occurred	at	the	SPICE	(Zhuravlev	&	Wood,	2018).	
Together	 with	 the	 bulk	 chemistry,	 investigation	 of	 the	
early	 marine	 cements	 that	 precipitated	 from	 sea	 water	
soon	after	sediment	deposition,	can	help	elucidate	the	sea	
water	chemistry	and	conditions	during	this	time.
The	 concept	 of	 aragonite	 and	 calcite	 seas	 is	 well-	
documented	 and	 major	 secular	 changes	 in	 mineralogy	
largely	 occur	 in	 response	 to	 variations	 in	 Mg/Ca	 ratios,	
related	 to	 plate	 tectonic	 activity	 and	 oceanic	 spreading	
(Hardie,	1996;	Lowenstein	et	al.,	2001).	While	Mg/Ca	ra-
tios	 >2	 favour	 the	 precipitation	 of	 inorganic	 aragonite,	
Mg/Ca	 ratios	 <2	 favour	 the	 inorganic	 precipitation	 of	
calcite	(Balthasar	&	Cusack,	2015;	Füchtbauer	&	Hardie,	
1976;	 Ries,	 2009).	 Temperature	 and	 pCO2	 also	 affect	
CaCO3 mineralogy	(Balthasar	&	Cusack,	2015;	Burton	&	
Walter,	 1987;	 Lee	 &	 Morse,	 2010;	 Sandberg,	 1983).	 The	
rate	 of	 transition	 between	 aragonite	 and	 calcite	 seas	 is	
also	poorly	resolved	(Vulpius	&	Kiessling,	2018)	and	the	
distinction	can	be	‘fuzzy’	(Kiessling,	2015).
















Jones	 et	 al.	 (2019),	 suggest	 that	 an	 elevated	 Sr	 content	
suggests	 an	 aragonitic	 precursor.	 Pederson	 et	 al.	 (2019)	







varying	 degrees	 throughout	 the	 PJF	 (Figures	 3	 and	 4).	
Relict	 oomouldic	 porosity	 (suggesting	 an	 aragonite	 pre-
cursor)	is	also	observed	but	is	most	abundant	in	the	upper	
half	 cycles,	 particularly	 towards	 the	 ends	 of	 the	 Grand	
Cycles	 (Figure	 1)	 which	 would	 have	 been	 accompanied	
by	regression	(Chow	&	James,	1987a).	Land	et	al.	(1979)	
suggested	that	the	aragonitic	ooids	of	Baffin	Bay	formed	
in	 areas	 of	 maximum	 agitation,	 fitting	 with	 shallower	
water	environments	towards	the	end	of	the	Grand	Cycles.	






and	 sea	 water	 chemistry	 (Riding,	 2011).	They	 were	 par-
ticularly	 common	 when	 pCO2	 was	 more	 than	 10	 times	





In	 the	 PJF,	 early	 fibrous	 marine	 cements	 increase	 in	






before	 dropping	 to	 a	 maximum	 of	 2500  ppm	 in	 the	 Man	
O’War	Member	(Figure	11C,D).	The	microprobe	data	were	
compared	 with	 relict	 Devonian	 HMC	 cements	 from	 the	
Western	 Canada	 Basin	 (Figure	 11A,	 data	 from	 Carpenter	
et	al.,	1991).	The	Mg	and	Sr	contents	of	the	Devonian	HMC	
cements	are	comparable	to	those	of	the	Cape	Ann	Member	
(Figure	 11C,D).	 However,	 most	 of	 the	 fibrous	 cements	
from	the	overlying	members	of	the	PJF	(Figure	11D)	have	
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significantly	higher	Sr	content	compared	to	 the	Devonian	
cements,	 suggesting	 that	 the	 fibrous	marine	cements	pre-
cipitated	in	layers	above	the	Cape	Ann	Member	were	prob-
ably	originally	composed	of	aragonite	rather	than	HMC.














crystalline	 and	 intracrystalline	 organic	 matter.	 Aragonite	
crystals	 on	 the	 other	 hand	 contain	 very	 little	 (Pederson	
et	al.,	2020).	In	oxidising	environments	(e.g.	surface	or	shal-
low	burial),	the	decomposition	of	organic	matter	through	











Differences	 in	 the	 size	 of	 aragonite	 crystals	 in	 the	 fi-
brous	 cements	 and	 ooids	 could	 also	 have	 had	 an	 effect.	
Smaller	 crystals	 and	 higher	 porosity	 within	 the	 ooids	
would	 have	 increased	 the	 surface	 area	 to	 volume	 ratio,	
leading	 to	 higher	 rock–	fluid	 interaction	 and	 increasing	
dissolution	 rates	 (Briese	 et	 al.,	 2017;	 Jonas	 et	 al.,	 2017;	
Pederson	 et	 al.,	 2020).	 Diagenesis	 in	 the	 low	 porosity,	
organic	 poor,	 fibrous	 cements	 would	 have	 been	 rock–	
buffered	(resulting	in	limited	alteration)	while	diagenesis	


















the	 PJF,	 analysis	 of	 post-	dating	 intergranular	 calcite	 ce-
ments	and	fracture	fill	calcite	shows	significantly	 less	Sr	
or	 Mg	 than	 either	 the	 PJF	 or	 Devonian	 fibrous	 marine	
fringe	cements	(Figure	11B),	suggesting	that	non-	fibrous	
cements	were	precipitated	as	LMC	but	not	the	earlier	fi-
brous	 cements	 as	 would	 have	 been	 expected	 during	 the	
‘calcite	seas’	of	the	late	Cambrian.
5.4 | Relationship of mineralogy to 
positive carbon isotope excursions
Enhanced	 burial	 and	 preservation	 of	 organic	 matter	
would	 have	 occurred	 during	 the	 SPICE,	 creating	 an	 in-
crease	in	δ13C	values	(Hurtgen	et	al.,	2009;	Saltzman	et	al.,	
2000).	Processes	such	as	these	are	common	during	times	
of	 warmer	 seas,	 reduced	 thermohaline	 circulation	 and	
anoxia	 (Hurtgen	 et	 al.	 2009;	 Mackenzie	 et	 al.,	 2000).	 As	




been	 the	 case	 in	 the	 Cambrian	 (Berner,	 2006).	 Evidence	
of	 relict	 aragonite	ooids	 is	 observed	globally	at	 this	 time	






During	 the	 Upper	 Ordovician	 Hirnantian	 isotopic	





suggested	 that	elevated	Sr/Ca	ratios	at	 the	 time	are	con-
sistent	 with	 aragonitic	 precursor	 sediments.	 Jones	 et	 al.	
(2019)	 suggest	 that	 low-	latitude	 shallow	 platforms	 were	
warm	 and	 able	 to	 precipitate	 aragonite	 as	 suggested	 by	
Balthasar	and	Cusack	(2015),	even	during	the	associated	
glaciation	and	suggest	that	the	high	Sr/Ca,	elevated	δ13C	
values	 (+1	 to	+4‰)	and	 low	δ44Ca	was	a	 result	of	 sedi-
ment	buffered	early	marine	diagenesis.
As	 at	 the	 SPICE,	 significant	 environmental	 change	
and	 faunal	 extinction	 occurred	 immediately	 prior	 to	
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2017).	 In	 the	Ghalilah	Formation	 (UAE,	Ge	et	al.,	 2018),	
the	sedimentological	patterns	are	very	similar	to	those	ob-
served	in	the	PJF	(this	study)	and	the	Al	Bashir	Formation	
(Neilson	 et	 al.,	 2016).	 In	 the	 Ghalilah	 Formation,	 Late	
Triassic	 (Rhaetian)	 bioclastic	 limestones	 (Sumra	 Mbr.)	
deposited	in	‘aragonite	seas’	are	overlain	by	Early	Jurassic	
(Hetangian)	oolitic	limestones	of	the	Sakhra	Member	de-
posited	 in	 ‘calcite	 seas’.	 These	 are	 interbedded	 with	 mi-
crobialites	 and	 wind-	blown	 clastics	 and	 display	 relict	
oomouldic	porosity.	In	a	study	of	the	equivalent	Triassic–	




aragonitic,	 whilst	 later	 Pliensbachian	 and	 Toarcian	 very	
well-	preserved,	ooids	were	primarily	composed	of	calcite.	
This	original	inorganic	aragonitic	mineralogy	is	also	seen	




signalling	 a	 return	 to	 primary	 calcite	 precipitation.	Time	
equivalent	to	the	pronounced	CIE	recorded	in	the	oolites	












2018;	 Jost	 et	 al.,	 2017).	 It	 is	 believed	 that	 CAMP-	related	


























6 |  CONCLUSIONS
1.	 This	 study	 presents	 new	 petrographic	 and	 geochem-
ical	 data	 from	 the	 subtidal,	 shallow	 Port	 au	 Port	
Group	shelf	(PAP,	Middle–	Late	Cambrian)	in	Western	
Newfoundland.	During	deposition	of	the	PAP,	analysis	
shows	 that	 aragonite	 was	 precipitated	 in	 the	 form	
of	 ooids	 and,	 early	 marine	 fibrous	 cements	 during	 a	





marked	 by	 a	 sedimentary	 package	 containing	 micro-
bialites	 (thrombolites	 and	 stromatolites)	 and	 fine-	to-	
coarse-	grained	sandstones	cemented	by	calcite.












increase	 in	 sea	 water	 Sr	 and	 deposition	 of	 aragonitic	
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